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BMP-2 and BMP-4 are known to be involved in the early events which specify the cardiac lineage. Their later patterns of
expression in the developing mouse and chick heart, in the myocardium overlying the atrioventricular canal (AV) and
outflow tract (OFT) cushions, also suggest that they may play a role in valvoseptal development. In this study, we have used
a recombinant retrovirus expressing noggin to inhibit the function of BMP-2/4 in the developing chick heart. This procedure
resulted in abnormal development of the OFT and the ventricular septum. A spectrum of abnormalities was seen ranging
from common arterial trunk to double outlet right ventricle. In hearts infected with noggin virus, where the neural crest
cells have been labelled, the results show that BMP-2/4 function is required for the migration of neural crest cells into the
developing OFT to form the aortopulmonary septum. Prior to septation, misexpression of noggin also leads to a decrease in
the number of proliferating mesenchymal cells within the proximal cushions of the outflow tract. These results suggest that
BMP-2/4 function may mediate several key events during cardiac development. © 2001 Academic Press
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The vertebrate heart is of great interest in developmental
biology because it undergoes a complex process of pattern
formation and morphogenesis: its development is also of
great medical importance. Insights into vertebrate heart
development have come from studies on invertebrates. For
example, in Drosophila, cardiac development is dependent
upon several genes, one of which is decapentaplegic (dpp).
(Frasch, 1995; Azpiazu and Frasch, 1993).
The homologues of dpp in vertebrates, bone morphoge-
etic proteins-2 and -4 (Bmp-2 and Bmp-4), have been
1 To whom correspondence should be addressed at The Royal
Veterinary College, Department of Veterinary Basic Sciences, Cam-
den, London NW1 0TU, U.K. Fax: (020) 7679 6219. E-mail:
sallen@rvc.ac.uk.
2 Present address: Institute for Ecology and Evolution, University
f Leiden, Netherlands.98loned in the mouse and the chick. These genes are ex-
ressed in endoderm underlying the heart-forming region
Shultheiss et al., 1997; Lough et al., 1996), and will induce
kx-2.5, the vertebrate homologue of Drosophila tinman,
hen added ectopically to certain anterior areas of the
hick embryo (Shultheiss et al., 1997). This suggests a
onservation of their role in specification of cardiac muscle
etween vertebrates and Drosophila. It is also known that,
n the mouse embryonic heart, Bmp-2 and Bmp-4 are
xpressed in the myocardium overlying the cushions of the
V canal and OFT, suggesting that they may be involved in
ater developmental events (Lyons et al., 1990; Jones et al.,
991; Bitgood and McMahon, 1995).
In the case of Bmp-2 and Bmp-4, null mutant embryos are
onviable. Thus, they do not develop sufficiently for the
ffects on the later stages of cardiac development to become
pparent (Zhang and Bradley, 1996; Winnier et al., 1995).
ull mutant mice for Tolloid-like 1 (Tll1), a proteinase0012-1606/01 $35.00
Copyright © 2001 by Academic Press
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Copyright © 2001 by Academic Press. All rightwhich inactivates another BMP antagonist (Chordin), do,
however, show heart defects (Clark et al., 1999). These mice
ave defects in the ventricular septum, but have normal AV
ushion and AP septum development. The AV cushions do
ot express Tll1 and the AP septum has an overlapping
xpression of BMP-1, another proteinase that can inactivate
hordin, which may compensate for the loss of Tll1 expres-
ion.
To investigate further the function of these molecules in
ater cardiac development, we have therefore used “loss of
unction” studies in the heart by the misexpression of
oggin, which binds to BMP-2 and BMP-4, preventing
eceptor occupancy (Zimmermann et al., 1996). Our results
uggest that BMP-2/4 function is required for normal car-
iac development. Disruption of the function of these
roteins resulted in abnormalities of the OFT due to a
efective migration of the neural crest cells which contrib-
te to the AP septum. There are also decreased numbers of
roliferating mesenchymal cells in the proximal cushions
f hearts misexpressing noggin. This may be due directly to
he inhibition of BMP-2/4 function, or may be secondary to
he loss of the population of cells derived from the neural
rest. BMP-2/4 function may, therefore, play a role in
everal key processes in cardiac development.
METHODS
Production of Viral Stocks
Viral stocks were produced in O line chick embryo fibroblasts
(CEFs). CEFs were isolated from 10-day-old O line chick embryos
(Poultry Research Centre, Compton, Berkshire) by standard meth-
ods and cultured in Dulbecco’s Modified Eagle’s medium (DMEM)
containing 10% foetal calf serum (FCS). CEFs were infected by
calcium phosphate transfection using 10 mg of DNA for
RCAS(BP)A (Hughes et al., 1987) containing the chick noggin
coding region (Capdevila and Johnson, 1998) or alkaline phospha-
tase (Fekete and Cepko, 1993). CEFs were then passaged until all
cells were infected, staining positive for gag protein (p19) with 3C2
antibody (Potts et al., 1987). The cells were then maintained in a
minimum volume of 95% DMEM 1 5% FCS, which was harvested
twice daily and stored at 270°C. Concentrated stocks of virus
(Fekete and Cepko, 1993) were produced by thawing the viral
supernatant on ice, filtering through a 0.2-mm filter, and centrifug-
ing at 20,000 rpm for 2 h at 4°C in an SS34 rotor. The resultant viral
pellets were resuspended in a small volume of medium, giving viral
titres of approximately 1 3 109 cfu/ml.
view of stage 18 heart, saggital section. (G, H) Brightfield/darkfield
view of stage 26 heart, coronal section. a, atrium; v, ventricle; oft,
outflow tract; avc, atrioventricular canal; l/ra left/right atrium;
l/rv, left/right ventricle; aa, aortic arches; ivs, interventricular
septum. Arrows indicate AV canal and arrowheads distal portion of
outflow tract and aortic sac.FIG. 1. Expression of BMP-2 in the developing chick embryonic
heart. (A) Whole mount of stage 20 embryonic heart. (B) Whole
mount of stage 24 embryonic heart. (C, D) Brightfield/darkfield
view of stage 16 heart, coronal section. (E, F) Brightfield/darkfields of reproduction in any form reserved.
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100 Allen et al.Viral Injections
Fertilised eggs from Hi-Sex strain chickens were obtained from
Poyndon Farm (Goffs Oak, Hertfordshire). Eggs were incubated for
approximately 36 or 48 h and windowed prior to use. For infection
of the heart, embryos of Hamburger and Hamilton (1951) stages
10–12 were selected for injection. Approximately 2–2.5 ml of viral
tock was injected into the pericardial coelom of each embryo
hrough a pulled glass capillary tube. For labelling of the neural
rest, embryos of stage 8–9 were injected with approximately
.1–0.2 ml of viral stock into the neural tube and folds through the
anterior neuropore. The eggs were then resealed and returned to the
incubator.
In Situ Hybridisation
In situ hybridisations on sections were carried out using either
35S-labelled riboprobes for Bmp-2 and Bmp-4, or digoxigenin-
labelled riboprobes for noggin, Frzb, and Msx-1. Radioactive in situ
ybridisations were carried out as described in Barlow and Francis-
est (1997), and digoxigenin-labelled hybridisations as described
n Breitschopf et al. (1992). Whole-mount in situ hybridisations
ere carried out by using digoxigenin-labelled riboprobes as de-
cribed in Henrique et al. (1995).
Three-Dimensional Reconstructions
Three-dimensional reconstruction models were derived from an
aligned stack of images from serial sections (Verbeek et al., 1995).
oarse images were entered and the alignment fine-tuned by using
ross-correlation techniques. Images were fed to a reconstruction
rogram and annotations added by drawing closed contours of
natomical domains. Contours are drawn by hand using a digitizer
ablet. The resulting contour model was then converted to a labeled
olume model. This volume model was used to generate the figure
y using a ray-casting technique.
Histology
At the end of each experiment, embryos were fixed with either
Bouin’s fixative for Alcian blue staining, or 4% formalin in phos-
phate buffered saline (PBS) overnight at 4°C for immunochemistry
and in situ hybridisation. For Alcian blue staining, embryos were
washed in PBS and run up to a 70% alcohol solution. Embryos were
TABLE 1
Selected Morphological Characters in a Normal Series of Chick Em
Embryo
no.
Stage at
fixation
AP septum
Dis
Both limbs
appear
Fusion of
limbs
No longer
visible Distinct
Distinct
intercalate
ridges
N1 28 3 3
N2 28 3 3
N3 29 3 3
N4 29 3 3 3
N5 30 3 3 3
N6 30 3
N7 30 3
N8 35 3
Note. R. Dor, right dorsal.Copyright © 2001 by Academic Press. All righttransferred to acid alcohol (70% alcohol, 1% HCl) for 1 h and
stained overnight in a 0.03% solution of Alcian blue in acid
alcohol. Stain was then differentiated in acid alcohol and embryos
dehydrated in alcohol before clearing in methyl salicylate. Cleared
embryos were photographed and embedded in paraffin wax for
sectioning. For immunochemistry and in situ hybridisation, em-
bryos were dehydrated through a graded series of ethanols, cleared
in histoclear, and embedded in paraffin wax. Sections of 5-mm
hickness were cut and mounted consecutively on duplicate slides.
or alkaline phosphatase-labelled whole mounts, fixation was for
h with 4% formalin in PBS. Embryos were washed several times
n PBS at room temperature and incubated at 65°C for 30 min in
BS to denature endogenous alkaline phosphatases. Following this,
mbryos were developed using NBT/BCIP as substrate.
Immunochemistry for Proliferating Cells
Tissue sections were dewaxed by two changes in histoclear and
rehydrated through a graded series of ethanols to water. Sections
were washed for 15 min in PBS and treated for 5 min with 20 mg/ml
proteinase K at room temperature. After rinsing in PBS, sections
were fixed in 4% formalin for 20 min, rinsed twice, and washed
once in PBS for 15 min. Sections were preblocked (90% DMEM/
10% FCS/0.05% Triton X-100) at room temperature for 1 h.
Preblock was then replaced with a 1:50 dilution of PC10 antibody
(Waseem and Lane, 1990) in preblock and incubation continued for
1 h at room temperature. Sections were rinsed twice and washed
once with PBS before a biotin-conjugated anti-mouse secondary
antibody (Vector Laboratories) solution was added to each slide.
After 1 h of incubation, slides were again rinsed twice and washed
once in PBS, then incubated in ABC reagent (Vector Laboratories)
for 1 h. Slides were rinsed twice and washed once in PBS, and
developed with a diaminobenzidine nickel substrate (Vector Labo-
ratories). Sections were given a light counterstain with haemotoxy-
lin and coverslipped with an aqueous mountant.
RESULTS
Expression of Bmp-2 and Bmp-4 in the Developing
Chick Heart
In the developing chick heart, Bmp-2 is expressed in the
myocardium overlying the AV canal and in the distal part of
the OFT from at least stage 16 (Figs. 1A–1F). At stages
onic Hearts
ges Proximal ridges
Position of
aortic root
relative to
pulmonary
eginning of
xcavation
of valves
Mature
leaflets Distinct Contact
Fusion
complete
Myocardi
alisation
complete
3 —
3 —
3 —
3 —
3 R. DOR
3 3 R. DOR
3 3 R. DOR
3 3 3 R. DORbry
tal rid
d
B
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101Noggin and Outflow Tract DevelopmentFIG. 2. Expression of BMP-4 in the developing chick embryonic heart. (A, B) Brightfield/darkfield view of stage 18 heart, coronal section.
(C, D) Brightfield/darkfield view of stage 22 heart, saggital section. (E, F) Brightfield/darkfield view of stage 26 heart, coronal section. a,
atrium; v, ventricle; oft, outflow tract; avc, atrioventricular canal; l/ra left/right atrium; l/rv, left/right ventricle; m, mandible.Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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102 Allen et al.18–20, additional strong expression is seen extending into
the aortic sack (Figs. 1A, 1E, and 1F). Expression in the AV
region is maintained at stage 26, and can also be seen in the
tip of the muscular ventricular septum, and in the mesen-
chymal cells surrounding the aortic arches (Figs. 1G and
1H).
Expression of Bmp-4 was seen in the myocardium over-
ying the OFT at stages 18 and 22 (Figs. 2A–2D), and in the
esenchymal cells surrounding the aortic arches at stage
6 (Figs. 2E and 2F). Expression of Bmp-4 was also seen in
the developing epicardium at stage 22 (Figs. 2C and 2D).
Phenotypes in Hearts Infected with noggin Virus
In chicks injected with virus at stages 10–12 (Figs. 3A and
3B), extensive viral spread is seen by stages 20–30 (Figs.
TABLE 2
Morphology of RCAS Noggin-Infected Embryos, Fixed at Different
Embryo
no.
Stage at
fixation
AP septum
D
Both limbs
appear
Fusion of
limbs
No longer
visible Distinct
Distin
intercal
ridge
No defect
EX1 28 3 3
EX2 29 3 3 3
EX3 29 3 3 —
EX4 29 3 3 3
EX5 30 3 3 3
EX6 30 3
EX7 36 3
Double
outlet
right
ventricle
EX8 29 3 3 —
EX9 30 3
EX10 30 3
EX11 30 — — —
EX12 30 3
EX13 30 3
EX14 30 3
EX15 30 — — —
EX16 30 3
EX17 30 3
EX18 30 3
EX19 30 3
EX20 30 3
EX21 30 3 3 3
EX22 36 3
Common
arterial
trunk
EX23 29 7 7 7
EX24 29 7 7 7
EX25 29 7 7 7
EX26 30 7 7 7 7
EX27 30 — — —
EX28 30 7 7
EX29 30 7 7
EX30 30 7 7
Note. 3 5 structure present 7 5 structure absent. Some charact
right dorsal; R. LAT, right lateral.
a A single semilunar valve is present in these embryos with com
b The pulmonary valve is intact, but there is absence of the aort
c Myocardialisation of the proximal ridges without fusion has taCopyright © 2001 by Academic Press. All rightC–3F). In the normal chick embryo, the OFT is partitioned
uch that, by stages 29–30, the aortopulmonary (AP) sep-
um divides the distal OFT as far as the primordia of the
emilunar valves. At this stage, the cushions of the proxi-
al outflow tract are in contact and beginning to fuse
Table 1). Fusion of the proximal cushions is essential for
he alignment of the aortic and pulmonary trunks with
heir respective ventricles to create two separate circulatory
ystems. In noggin virus-infected embryos examined at
tage 29–30, several abnormalities are recognised (Table 2,
ig. 4). Of 30 embryos examined histologically, 7 were
ormal (Figs. 4A and 4E). The remaining 23 showed either
ouble outlet right ventricle (DORV, 15 cases; Figs. 4D and
F), or a common arterial trunk (CAT, 8 cases; Figs. 4B and
G). In all cases, these abnormalities were associated with a
es
ridges Proximal ridges
Position of
aortic root
relative to
pulmonary
Beginning of
excavation
of valves
Mature
leaflets Distinct Contact
Fusion
complete
Myocardi
alisation
complete
3 —
3 R. DOR
3 —
3 R. DOR
3 R. DOR
3 3 R. DOR
3 3 3 R. DOR
3 —
3 3 7 7 R. LAT
3 3 7 7 R. LAT
3 3 7 7 R. LAT
3 3 7 7 R. LAT
3 3 7 7 R. DOR
3 3 7 7 R. LAT
3 3 7 7 R. LAT
3 3 7 7 R. LAT
3 3 7 7 R. LAT
3 3 7 7 R. LAT
3 3 7 7 R. LAT
3 3 7 7 R. LAT
3 7 7 R. LAT
3
b
7 3
c R. LAT
7 7 —
7 7 —
7 7 —
7 7 7 —
3
a
7 7 —
3
a
7 7 —
3
a
7 7 —
3
a
7 7 —
) could not be identified due to the plane of sectioning. R. DOR,
arterial trunk.
lve.
place giving rise to DORV.Stag
istal
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s
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103Noggin and Outflow Tract Developmentventricular septal defect (Fig. 4C). These abnormalities are
due to failure of fusion of the proximal cushions alone in
DORV (Fig. 4F), or to both failure of formation of the AP
septum and fusion of the proximal cushions in CAT. In
several of the hearts with CAT, and in one embryo with
FIG. 3. Injection protocol for the infection of chick hearts. (A) Stage
demonstrate the location of injected virus. (B) Three-dimensional reco
heart tube is shown in red and pericardial coelom in blue. Left, ventral
the bottom. (C) Whole-mount chick embryos showing spread of AP
infection to the heart. (D) Whole-mount stage 19 chick heart from (C
section through stage 25 AP infected heart showing extensive sp
atrioventricular cushion; a, atrium; oft, outflow tract; v, ventricle, aa
noggin virus infected embryo to show viral spread. avc, atrioventricuCopyright © 2001 by Academic Press. All rightORV, the semilunar valvar leaflets, which are derived
rom the distal cushions of the outflow tract, were mark-
dly hypoplastic (Fig. 4G) compared with embryos with
ormal morphology (Fig. 4E).
In order to better understand this pattern of malforma-
bryo injected into the pericardial coelom with nile blue sulphate to
ction of pericardial coelom and heart tube of a stage 10 embryo. The
; right, dorsal view. Anterior is towards the top and posterior towards
s in chick embryos injected at stage 10–12 showing restriction of
n in closeup showing isolated patches of viral infection. (E) Saggital
of infection throughout the myocardium and aortic arches. avc,
tic arches. (F) In situ hybridisation to a coronal section of a stage 28
shion; l/ra, left/right atrium; oft, outflow tract; v, ventricle.10 em
nstru
view
viru
) see
read
, aor
lar cus of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All righttions, we have examined a series of serially sectioned
normal hearts ranging in stage from 21 to 34. We find that
one of the key events which can help understand the noggin
phenotypes is the walling-off of the aortic outlet from the
right ventricle in normal development. We find that this is
achieved as follows. Immediately below the level of the
aortic valve, the partition between the right ventricle and
aortic outlet is formed through the fusion of the proximal
(conus) cushions of the outflow tract (Fig. 4E). Below this
level, the partition is formed by the central atrioventricular
cushion mass which encircles the outlet and fuses with the
proximal cushions. The proximal cushions never form an
outlet septum, because there is no “muscular outlet sep-
tum” in the normal heart.
So, in the chick, the proximal cushions function princi-
pally to separate the aortic outlet from the right ventricle,
not to form an outlet septum by separating aortic and
pulmonary channels. After septation, therefore, the proxi-
mal cushions form the wall of the aortic sinus and the
subpulmonary infundibulum. Bearing this pattern of nor-
mal development in mind, it is not surprising that noggin-
induced hypoplasia of the proximal cushions leads, as we
have seen, to malformations in which the aorta, or a
common undivided arterial trunk, retains an exclusive
connection with the right ventricle.
None of these abnormalities was observed in control
hearts infected with virus expressing alkaline phosphatase
(data not shown).
BMP-2/4 Function Is Required for the Migration of
Cells from the Neural Crest into the Outflow Tract
The failure of the cells from the neural crest to migrate in
sufficient numbers into the OFT is clearly evident in
younger embryos (stages 26/27), when the AP septum,
derived from the crest, should be splitting the aortic sack
and distal part of the OFT (Waldo et al., 1998). In some
hearts infected with noggin virus, the AP complex is absent.
In a further series of experiments, neural crest cells were
labelled with a retrovirus expressing alkaline phosphatase
(Fekete and Cepko, 1993) in order to follow their migration
into the OFT. In control hearts, labelled cells were seen
migrating through the outflow tract, forming the AP sep-
tum as they progressed (Figs. 5A and 5B). In phenotypically
abnormal hearts infected with noggin virus, neural crest
cells were seen migrating down the aortic arch arteries, but
fewer cells were found in the outflow tract. Some cells
derived from the neural crest, nonetheless, were seen scat-
tered through the OFT, extending as far as the proximal
cushions (Fig. 5C).FIG. 4. Phenotypes of chick hearts infected with noggin virus.
A) Alcian blue-stained stage 29/30 normal embryonic heart.
rrowheads show outlets of the aortic and pulmonary trunks. (B)
lcian blue-stained stage 29/30 noggin virus-infected heart
howing common arterial trunk (asterisk). (C) Lateral view of
lcian blue-stained stage 29/30 heart infected with noggin virus
howing a ventricular septal defect (arrows). (D) Alcian blue-
tained stage 29/30 heart infected with noggin virus showing
ouble outlet from the right ventricle. Arrowheads show the
utlets of the aortic and pulmonary trunks. (E) Coronal section
hrough normal stage 29 embryonic heart. Dashed line shows
usion of proximal cushions. (F) Coronal section through a stage
9 embryonic heart showing lack of fusion of proximal cushions
esulting in double outlet right ventricle. (G) Coronal section
hrough a stage 29 embryonic heart showing common arterialtrunk (asterisk). ao, aortic trunk; pt, pulmonary trunk; l/r a,
left/right atrium; l/r v, left/right ventricle; cm, cushion mesen-
chyme; myo, myocardium; epi, epicardium.s of reproduction in any form reserved.
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105Noggin and Outflow Tract DevelopmentBMP-2/4 Function Maintains the Cushion
Mesenchyme in a Proliferative State
In control (uninfected) hearts, the percentage of mesen-
chymal cells of the cushion that were PCNA-positive was
not significantly different than hearts infected with virus
expressing alkaline phosphatase (Fig. 6A). Hearts infected
with virus expressing noggin, in contrast, showed signifi-
cantly decreased numbers of proliferating cells when com-
pared with normals between stages 23 and 26 (Figs. 6A and
6B). However, the lowered rate of proliferation became less
pronounced at later stages 27–28 (Fig. 6A).
Expression of msx-1 in the Cushion Mesenchyme of
the Developing Chick Outflow Tract Is Dependent
upon BMP-2/4 Function
In the developing chick heart, msx-1 is expressed in the
ushion mesenchyme of both the AV canal and outflow
ract, becoming localised to the valvar primordia at later
tages (Fig. 7). In hearts from stage 23–25, chick embryos
nfected with virus expressing noggin, Msx-1 was down-
egulated in the outflow tract compared to normal embryos
Figs. 7A–7C). The mesenchyme of the AV canal cushions
n noggin-infected hearts, in contrast, maintains some
sx-1 expression (Fig. 7B). Frzb expression, another gene
hose expression is characteristic of cushion mesenchyme
Ladher et al., 2000), was unaffected by infection with virus
xpressing noggin (Figs. 7D–7F).
DISCUSSION
The patterns of expression of Bmp-2 and Bmp-4 in em-
ryos at the primitive streak stage, and functional studies in
FIG. 5. Inhibition of the migration of neural crest cells into the
embryo with labelled neural crest (dark cells) showing migration i
embryo with labelled neural crest (dark cells) showing the presence
abnormal infected hearts (stage 30) with labelled neural crest. norm
aortopulmonary septum has failed to migrate through the outflow
valve leaflets of the aortic and pulmonary trunks). Black arrowhea
sack; aps, aorticopulmonary septum; ct, d, distal outflow tract; o
ventricle.Copyright © 2001 by Academic Press. All righthick, provide evidence to support this presumption
Shultheiss et al., 1997; Lough et al., 1996; Ladd et al.,
998). Their patterns of expression in the hearts of older
mbryos, where expression is restricted to sites of valvar
nd septal formation, suggest that these molecules are
mportant during development of these structures.
We have explored this possibility by using a retrovirus
o inhibit the functions of BMP-2 and BMP-4 by the tar-
eted misexpression of noggin. As infection of the embryo
s not carried out until stage 10–12, and is primarily
estricted to the heart, the embryos develop a normal
ody plan, since BMP-2/4 signalling during the early pat-
erning events, and later during visceral development, is not
isrupted.
Using this method, we have successfully inhibited BMP-
/4 function in the developing heart. This has led to a
pectrum of defects of the outflow tract, at stages 29–31,
hat are similar to those seen in chick embryos subsequent
o the ablation of the neural crest from rhombomeres 6–8
for review, see Kirby and Waldo, 1995). The defects are also
omparable to those seen in mice where genes that appear
o be essential for the survival and/or migration of the
eural crest have been knocked out (Donovan et al., 1996;
pstein et al., 1991; Kurihara et al., 1995; Schilham et al.,
996; Yamagishi et al., 1999).
Our results suggest that the loss of BMP-2/4 function
ay be affecting the cells derived from the neural crest.
his has been confirmed in younger embryos (stages 26/27),
t which stage the AP septal complex derived from the
eural crest should be splitting the aortic sack and the
istal OFT (Fig. 5B; Waldo et al., 1998). In some hearts
nfected with noggin virus, this aortopulmonary septal
omplex is absent.
To investigate further the effect of noggin on OFT septa-
ow tract of infected hearts. (A) Ventral view of stage 23 normal
he very distal part of the OFT. (B) Lateral view of stage 27 normal
eural crest cells in the AP septum (white arrows). (C) Normal and
rmal; cat, common arterial trunk (white asterisk shows where the
t); dorv, double outlet right ventricle (white arrowheads show the
ow single migrating neural crest cells. Ao, aortic trunk; as, aortic
utflow tract; p, proximal outflow tract; pt, pulmonary trunk; v,outfl
nto t
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106 Allen et al.tion, embryos were injected in the neural tube/folds with a
virus expressing alkaline phosphatase, thus labelling the
cells derived from the neural crest. When these embryos
were subsequently injected with virus expressing noggin,
hose embryos which went on to develop an abnormal
ardiac phenotype showed decreased numbers of neural
rest cells in the OFT. There were, however, still some cells
erived from the neural crest scattered through parts of the
FT cushions (Fig. 5C).
BMPs have previously been shown to be involved in the
pecification of cells from the neural crest (Marchant et al.,
998; Baker and Bronner-Fraser, 1997; Nguyen et al., 1998;
iu and Jessel, 1998; Selleck et al., 1998), which can be
nhibited by the injection of Noggin into the neural tube
Selleck et al., 1998). It is possible, therefore, that the
ormation of neural crest itself could be inhibited if there
as a significant additional infection of the neural tube in
mbryos injected with noggin virus primarily intended to
infect the heart. This would result in a decrease in numbers
FIG. 6. Proliferation of mesenchymal cells in the cushions of th
howing the percentage of PCNA-positive mesenchymal cells in t
black bars), and control infected (grey bars) hearts. There was no sig
oggin virus-infected hearts showed significantly fewer (P , 0.001
ignificant change in PCNA-positive cells in normal hearts (P 5 0.4
irus-infected hearts with increasing stage. (B) Section through nor
iew indicate positive cells and arrowheads negative cells. Box indi
roximal cushions stained for PCNA. Arrows in close-up view indic
n close up.Copyright © 2001 by Academic Press. All rightof cells in the neural crest, and could explain the pheno-
types observed in the heart and great vessels. This explana-
tion is unlikely, however, because infection is largely
limited to the heart and great vessels (Fig. 3C). Furthermore,
the specification of cells from the neural crest is sensitive to
Noggin only at the time of closure of the neural tube
(Selleck et al., 1998). This occurs prior to the stage at which
we injected virus.
There are several possible mechanisms by which inhibi-
tion of BMP-2/4 could result in a decrease in the number of
cells migrating from the neural crest to the OFT. Firstly, it
is possible that BMP-2 and/or BMP-4 directly control the
migration of the cells. They have been shown to stimulate
the migration of both osteoblasts (Lind et al., 1996) and
monocytes (Cunningham et al., 1992). It is possible, there-
fore, that they could also control the migration from the
neural crest to the OFT. They could also be involved
indirectly by producing a permissive environment in the
matrix for migration from the neural tube. Alternatively,
tflow tract in noggin virus-infected embryonic hearts. (A) Graph
nistroventral cushion of normal (open bars), noggin virus-infected
nt difference between normal and control infected hearts (P 5 0.7).
iferating cells than normals. Linear regression analysis showed no
a significant increase (P , 0.05) in PCNA-positive cells in noggin
stage 25 proximal cushions stained for PCNA. Arrows in close-up
area seen in close up. (C) Section through noggin-infected stage 25
ositive cells and arrowheads negative cells. Box indicates area seene ou
he si
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Copyright © 2001 by Academic Press. All rightBMP-2/4 may be required for the survival of the cells
derived from the neural crest. BMPs, including BMP-2 and
BMP-4, have been shown to promote the survival of some
neurons (Jordan et al., 1997) and astrocytes (D’Alessandro
and Wang, 1994). A decrease of proliferation could also be
possible. However, since cells from the neural crest of the
trunk do not increase their proliferation in the presence of
either BMP-2 or BMP-4 (Varley and Maxwell, 1996), this
seems unlikely.
The cushions of the OFT, which are populated by
mesenchymal cells derived from the endocardium (Mark-
wald et al., 1977), also participate in septation of the
FT. Effects on these endocardially derived cells may
lso, therefore, contribute to the phenotypes seen here.
o explore this possibility, we examined apoptosis and
roliferation in hearts infected with noggin virus. There
as no obvious increase in apoptosis measured using the
UNEL assay in the mesenchyme of the cushions in any
f the examined embryos infected with noggin virus (data
ot shown). The number of proliferating mesenchymal
ells, in contrast, was markedly reduced when compared
ith controls (Fig. 6).
It is unlikely that this effect is due to loss of a rapidly
ividing population of crest cells, since significant de-
reases in proliferation are evident in embryos as young as
tage 23. At this stage, the cells from the neural crest have
ot yet migrated into the proximal region of the OFT (Fig.
A; Waldo et al., 1998). This decrease in proliferation could
till be due to a loss of cells from the neural crest, as
ignalling factors produced by the cells as they migrate into
he OFT (Poelmann et al., 1998) may be required to induce
r maintain proliferation of the mesenchymal cells derived
rom the endocardium. Loss of the cells from the neural
rest would then result in a loss of mitotic signals to the
ells derived from the endocardium. The significant in-
rease in proliferating cells, seen as development proceeds
n the hearts infected with noggin virus, could be due to a
rogressive increase in the numbers of cells derived from
he neural crest reaching the proximal cushions, particu-
arly since some cells from the crest still migrate into the
utflow tract, even in hearts infected with noggin virus (Fig.
C).
FIG. 7. Msx-1 expression in normal and noggin virus-infected
chick hearts. (A) Whole-mount in situ hybridisations for msx-1 in
normal chick heart stages 23 and 25 (purple indicates gene expres-
sion). (B) Whole-mount in situ hybridisations for msx-1 in noggin
virus-infected chick heart stages 23 and 25 (purple indicates gene
expression). (C) Hearts from (B) after double in situ hybridisation
using a red/brown substrate to show noggin expression (viral
spread). (D) Whole-mount in situ hybridisation for Frzb in noggin
virus-infected heart. (E) Heart from (D) after double in situ hybri-
disation using a red/brown substrate to show noggin expression
(viral spread). (F) Whole-mount in situ hybridisation for Frzb in
normal stage 25 chick heart. Arrowheads indicate OFT and arrows
AV canal.s of reproduction in any form reserved.
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108 Allen et al.Alternatively, BMP-2/4 may have multiple roles in the
developing OFT, and may control directly the proliferation
of mesenchymal cells. BMP-2/4 have previously been
shown to control proliferation in the developing face (Bar-
low and Francis-West, 1997) and other tissues (Thesleff et
l., 1995). In these systems, cellular proliferation was asso-
iated with the expression of the homeobox gene Msx-1.
This is induced by BMP-2/4. It has been shown to be
capable of maintaining some cells in an undifferentiated
proliferative state (Song et al., 1992). Msx-1 is also ex-
pressed by the mesenchymal cells of the endocardial cush-
ions (Fig. 7A; Suzuki et al., 1991). BMP-2/4, therefore, may
induce Msx-1 and may thus maintain cellular proliferation.
This possibility is supported by the change in the pattern of
expression of Msx-1 in the hearts infected with noggin
virus, the gene being down-regulated in the OFT (Figs. 7A
and 7B), while some other genes characteristic of cushion
mesenchyme, e.g., Frzb (Figs. 7D–7F), remain unchanged.
Such marked down-regulation is lacking in the AV cush-
ions, and may explain why abnormalities of the AV canal
rarely occurred in our series. Also, in AV cushion tissue
explants treated with antisense oligonucleotides to BMP-2,
decreased numbers of mesenchymal cells were observed.
BMP-2 itself, however, is not capable of inducing the
epithelial mesenchymal transition but will enhance the
effects of TGFb3 on mesenchymal cell development (Ya-
agishi et al., 1999). The downregulation of Msx-1 and
ecrease in the number of mesenchymal) cells seen follow-
ng treatment with antisense oligonucleotides to BMP-2 is
herefore also consistent with BMP-2 regulating cellular
roliferation.
It is possible, of course, that the cells from the neural
rest produce a factor that is required for the expression of
sx-1 in the OFT cushion mesenchyme. Alternatively, the
mount of Noggin protein required to inhibit Msx-1 induc-
ion by BMP-2/4 in the AV canal may be greater, as BMP-2
s expressed more widely in the AV myocardium compared
ith the OFT (Figs. 1 and 2).
In conclusion, we have shown that BMP-2/4 function is
ecessary for the normal development of the chick OFT.
he major requirement for BMP-2/4 in septation of the OFT
ppears to be for the migration of cells from the neural crest
nto and beyond the aortic sack. There may also be a
equirement for BMP-2/4 for proliferation of mesenchymal
ells during development of the OFT, suggesting that BMP-
/4 may play roles in both septation and development of the
alvar leaflets.
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